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ABSTRACT
DNA sequences with guanine repeats can form
G-quartets that adopt G-quadruplex structures in
the presence of specific metal ions. Using circular
dichroism (CD) and ultraviolet-visible (UV–Vis)
spectroscopy, we determined the spectral charac-
teristics and the overall conformation of a
G-quadruplex of PS2.M with an oligonucleotide
sequence, d(GTG3TAG3CG3TTG2). UV-melting
curves demonstrate that the Pb
2+-induced
G-quadruplex formed unimolecularly and the
highest melting temperature (Tm)i s7 2  C. The
analysis of the UV titration results reveals that the
binding stoichiometry of Pb
2+ ions to PS2.M is two,
suggesting that the Pb
2+ ions coordinate between
adjacent G-quartets. Binding of ions to G-rich DNA
is a complex multiple-pathway process, which is
strongly affected by the type of the cations. Kinetic
studies suggest that the Pb
2+-induced folding of
PS2.M to G-quadruplex probably proceeds through
a three-step pathway involving two intermediates.
Structural transition occurs after adding Pb(NO3)2
to the Na
+-o rK
+-induced G-quadruplexes, which
may be attributed to the replacement of Na
+ or K
+
by Pb
2+ions and the generation of a more compact
Pb
2+–PS2.M structure. Comparison of the relaxation
times shows that the Na
+!Pb
2+ exchange is more
facile than the K
+!Pb
2+exchange process, and the
mechanisms for these processes are proposed.
INTRODUCTION
G-quadruplex, a highly studied DNA motif that consists
of stacks of two or more square planar arrays of four
Hoogsteen hydrogen-bonded guanines called G-quartets,
was ﬁrst identiﬁed by Davis et al. (1). Interests in
G-quadruplexes have been stimulated by their potential
roles in a variety of cellular processes, and recently they
have been considered as novel targets for drug therapy in
aging and anticancer research (2–7). In addition, the
G-quadruplex is a promising nanotechnology material
because of its polymorphic nature (8–13). Thus, the regu-
lation of the structural polymorphism of G-quadruplex
can demonstrate a novel methodology for controlling
biological processes, and for designing functional nano-
materials related to the G-quadruplexes (9).
A variety of metal ions can stabilize or switch the struc-
tures of G-quadruplexes (14,15). The most effective
ions for inducing G-quadruplex formation include K
+,
Na
+ and Pb
2+ ions (16–20). The difference in the abil-
ity of these cations to bind nucleic acids and induce
G-quadruplex formation can be ascribed to the difference
in their sizes and their possible locations in the center of
the stacks of the G-quartets. Na
+ion is small enough to ﬁt
in the central cavity, but K
+ and Pb
2+ ions are too large
and must be located between the G-quartets planes, as con-
ﬁrmed by X-ray structures (19,21). Unusually, Pb
2+ ions
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thrombin-binding aptamer (TBA), inducing a unimolecu-
lar folded G-quadruplex (17,22,23). This highly speciﬁc
metal ion binding is relatively rare for nucleic acids and
provides opportunities for studies that cannot be easily
done when large excess of metal ions are present, as is
usually the case for monovalent cations. Interaction of
Pb
2+ ions with genetic materials may contribute to its
damaging effects in human, and it is conceivable that
lead’s genetoxicity may arise from its ability to stabilize
folded DNA structures (24–26).
Among the various G-quadruplexes being investigated,
PS2.M is of particular interest, because it shows enhanced
peroxidase activity when complexed with hemin (27).
Travascio et al. (28) proposed that PS2.M folds
unimolecularly into an unusual G-quadruplex with two
single-base loops and two 2-base loops, and with the
two terminal guanines situated in adjacent quartets.
Shafer et al. (29) reported that K
+-induced PS2.M forms
an antiparallel quadruplex at ﬁrst, but is then transformed
into a parallel, multistranded quadruplex with additional
time, or with higher initial strand concentration. However,
Sen et al. (30,31) proposed that PS2.M folds into a uni-
molecular G-quadruplex in the presence of K
+ ions.
Herein, we utilized UV and CD spectroscopy to monitor
the formation of the G-quadruplex of PS2.M. The binding
stoichiometries of the cation–DNA complexes were
determined by spectrophotometric titration. Thermal de-
naturation experiments were performed to investigate the
stability of the G-quadruplexes. Kinetic studies were also
carried out in order to provide insight into the potential
pathway for the formation of the G-quadruplex as well as
the folding intermediates. Pb
2+ ions are found to be potent
not only in assembling the G-quadruplex structure, but
also in inducing conformational switch by displacing
Na
+ or K
+ from their binding sites.
MATERIALS AND METHODS
Chemicals and reagents
The G-rich oligonucleotide, 2-(N-morpholino) ethanesul-
fonic acid (MES) and tris(hydroxymethyl) aminomethane
(tris) were purchased from Shanghai Sangon Biological
Engineering Technology and Services Co., Ltd. (China).
All nitrate salts were of analytical grade and used without
further puriﬁcation. The oligomer samples were dissolved
in a buffer solution consisting of 10mM MES/Tris at
pH 6.1. The oligomer solutions were then heated in a
dry bath until 95 C (ABSON, USA), equilibrated for
15min at this temperature and then slowly cooled to
room temperature. The concentration of single-strand
PS2.M was determined at 260nm using a UV/Vis spectro-
photometry, using a molar extinction coefﬁcient of
184.3mM
 1cm
 1 (32).
Circular dichroism
CD spectra were obtained using a JASCO J-810 spectro-
polarimeter at 25 C, which was maintained by a Julabo
temperature controller. The ﬁnal oligomer concentrations
were in the range of 15–25mM. Each measurement was
recorded from 220 to 350nm at a scanning rate of
100nmmin
 1 using a sealed 1-mm path length quartz
cuvette. The spectra were collected with a response time
of 0.1s and data intervals of 0.2nm. The ﬁnal spectra were
the averages of three measurements. The scan of the buffer
alone under the same condition was used as the blank,
and subtracted from the average scan for each sample.
The cell holding chamber was ﬂushed with a constant
stream of dry nitrogen gas to avoid water condensation
on the cell exterior.
UV–Vis absorption titration experiments
The extent of the PS2.M folding was evaluated by
measuring UV absorbance changes at 303nm as a
function of the concentration of added Pb(NO3)2. These
experiments are required prior to the kinetic experiments,
not only to establish the expected changes in absorption,
but also to determine the minimum concentration of
Pb(NO3)2 necessary for inducing a complete folding. UV
absorption spectra were measured at 1-nm intervals from
220 to 350nm using a Shimadzu 1800 spectrophotometer
(Shimadzu, Japan) equipped with a digital circulating
water bath maintained at 25 C. Equal volumes of
Pb(NO3)2 and oligomer in the same buffer were mixed
in a sealed tandem cuvette with a path length of 10mm.
The oligomer concentration before and after mixing was
5.0 and 2.5mM, respectively. After each addition of
Pb(NO3)2, the difference spectra A  ¼ A 
U   A 
F were
obtained by subtracting the absorption spectrum from
the spectrum of the fully unfolded oligonucleotide. The
resulting titration data (e), were then plotted as a
function of the concentration of Pb(NO3)2.
Thermal denaturation experiments
Nucleic acid structures are sensitive to temperature.
Hence, UV-melting proﬁles can be used to determine
the melting temperature (Tm) of the cation-induced
G-quadruplexes and the temperature range in which the
complexes can be stable. In a typical experiment, the
melting curve was obtained by monitoring the UV absorb-
ance, at either 295nm (for Na
+and K
+systems) or 303nm
(for Pb
2+ system), as a function of temperature using a
sealed 10mm path-length quartz cell. The samples were
ﬁrst held at 15 C for 5min and then heated to 95 C
with a heating rate of 0.2 Cmin
 1. The Tm values of the
complexes were calculated by ﬁtting the experimental
curves with a Sigma plot (33), where Tm is the midpoint
temperatureoftheorder-disordertransitionofthecomplex.
Stopped-ﬂow kinetic experiments
The kinetic experiments of the Pb
2+-induced oligomer
folding process were performed by monitoring the absorb-
ance changes using an Applied Photophysics SX–20
stopped-ﬂow spectrophotometer. Before measurement,
the oligomer samples were thermally treated as described
above and incubated at the desired temperature for several
minutes. Absorption spectra were collected from 250 to
350nm with 4000 time points. To avoid low signal-to-
noise ratio at the shorter wavelengths and the dead-time
points, we discarded the data points collected at
4230 Nucleic Acids Research, 2012,Vol.40, No. 9wavelengths <270nm and data before dead time prior to
analysis (34). A circulating water bath was used to
maintain a constant reaction temperature. The kinetic
experiments were performed under pseudo-ﬁrst-order con-
ditions with the concentrations of Pb(NO3)2 at least in
10-fold excess of that of the oligomer. At least ﬁve succes-
sive mixing experiments were performed, and the results
were averaged for analysis. Control experiments consist-
ing of mixing oligomer with cation-free buffer were also
performed. Kinetics of the conformational switches were
conducted by adding Pb(NO3)2 into the systems contain-
ing G-quadruplexes induced by Na
+ or K
+ ions. Single–
wavelength progress curves were analyzed by non-linear
least-squares using single or multiple exponentials
[Equation (1)] to determine the rate constants for the for-
mation of G-quadruplex:
At,  ¼ A1,    expð t= 1Þ+A2,    expð t= 2Þ+A3, 
  expð t= 3Þ+A0, 
ð1Þ
where At,  is the value of the absorbance at time t, A0, 
is the initial value of absorbance, A1, , A2,  and A3,  are
the amplitude factors for the ﬁrst, second and third expo-
nentials at wavelength  , respectively.  1,  2 and  3 are the
relaxation times.
RESULTS AND DISCUSSION
CD spectroscopy
CD is a technique that is quite sensitive to the conform-
ation of anisotropic molecules and chiral super assemblies,
and has been used extensively in the study of nucleic acids
and G-quadruplex structures. Figure 1 shows the CD
spectra of 25mM PS2.M in the presence of different
metal cations. The addition of 0.5mM NaNO3 shows
little effect on the structure of PS2.M. In the presence of
K
+ions, the spectrum of PS2.M shows a positive CD peak
near 295nm, characteristic of antiparallel structure (35).
Upon the addition of Pb(NO3)2, the wavelength at
maximum CD intensity is shifted by almost 20 to
312nm, and the peak minimum is located at 263nm,
indicating the Pb
2+-induced antiparallel G-quadruplex
structure (17,23,29,36). The spectrum does not vary with
time or oligomer concentration from 1 to 25mM. This
result indicates that there was no transformation to
parallel folds at such low concentrations, consistent with
the previous study (37). Moreover, after the G-quadruplex
was formed in the presence of Pb
2+ ions, there were
no conformational changes observed upon the addition
of NaNO3 or KNO3 at room temperature. On the other
hand, spectral changes of PS2.M occur upon the addition
of Pb(NO3)2 into the systems containing Na
+or K
+ions.
In addition, the CD intensity of the Pb
2+-induced
G-quadruplex is about three and six times higher than
those of induced by K
+ and Na
+, respectively. These
results strongly suggest that there are structural differ-
ences between G-quadruplexes induced by Na
+,K
+ and
Pb
2+ ions. Previous studies (22,23) have demonstrated that
Pb
2+-induced G-quadruplexes generally have shorter M–
O and O–O bonds than those induced by Na
+or K
+ions.
Such compact structures are the result of the unusually
high efﬁciency of Pb
2+ ions in stabilizing G-quadruplexes
(17,22). The increase in intensity and location shift of the
CD spectrum of Pb
2+-induced G-quadruplex reveals a
change in the dimensions of the G8 cage dimension,
which corresponds with the decrease in the cage size as
observed in the X-ray crystal structure (22). The overall
difference in the CD spectra of the G-quadruplex in the
presence of various cations may be attributed to the dif-
ference in the coordination number of cations, partial for-
mation of G-quadruplexes with some cations and/or
overall tightness of each G-quadruplex.
Folding equilibrium titration
Previous studies have shown that the UV absorption
spectrum of the Pb
2+-driven folded G-quadruplex
possesses an absorption maximum at  303nm, which is
distinctly different from that of the unfolded oligonucleo-
tide (15,23). To monitor the expected absorbance change
and cation binding number, we titrated PS2.M with
Pb(NO3)2 at micromolar concentrations at 25 C. The ab-
sorbance changes at 303nm were monitored as a function
of the molar ratio of the cation to the oligomer and the
results are shown in Figure 2. The difference spectrum
e ¼ e 
U   e 
F was obtained by subtracting the absorption
spectrum from the spectrum of the fully unfolded
oligomer. As indicated in Figure 2a, the absorbance at
303nm increases with increasing concentration of
Pb(NO3)2, which is accompanied by relatively smaller ab-
sorbance decrease in absorbance at  245 and  275nm.
Figure 2b shows the plot of absorbance change at 303nm
versus the [Pb
2+]/[PS2.M] molar ratio. The result is con-
sistent with the binding stoichiometry of two Pb
2+ ions per
oligonucleotide, which can coordinate a Pb
2+ ion between
each of the three quartets. This is contrast to a previous
suggestion that only one Pb
2+ ion binds to one oligo-
nucleotide (29). The ability of Pb
2+ ions to stabilize
G-quadruplexes at micromolar concentrations indicates
the high afﬁnity of the Pb
2+ ions for the DNA.
Moreover, no spectral changes were observed changes
Figure 1. CD spectra of the cation-induced G-quadruplexes of PS2.M
in the presence of various cations in the buffer (10mM MES/Tris,
pH 6.1) at 25 C. Concentrations of oligonucleotide were 25mM after
mixing.
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induced by Pb
2+ ions, while spectral changes occurred
when Pb(NO3)2 was added to the G-quadruplex induced
by K
+ ions, again indicating the high stability of Pb
2+–
PS2.M complex. Based on these observations, the
genotoxicity of Pb
2+ ion may arise partially from its
strong binding to a quadruplex formation in the gen-
ome; more closely, in the promoter regions where the
quadruplexes can serve as transcription switches. Thus,
if Pb
2+ can displace K
+ from the quadruplex, but not
vice versa, the switching function may be hindered,
providing an explanation for genotoxicity.
Thermal denaturation proﬁles
UV-melting experiments were performed to examine the
stability of the cation-induced G-quadruplexes (38). As
shown in Figure 3, all curves demonstrate monophasic
transition with different cooperativities, some broad
while others somewhat sharper, depending on the ions
used. The UV-melting analysis of PS2.M in the presence
of 0.5mM Pb(NO3)2 reveals a cooperative monophasic
melting transition at 72±2 C. Such a high-melting tem-
perature suggests that the Pb
2+-induced G-quadruplex of
PS2.M is stable under physiological conditions. On the
other hand, in the presence of 50mM NaNO3 or KNO3,
the Tm values of the G-quadruplexes are determined to be
42 and 51 C, respectively. The low-melting temperature
for the Na
+-induced G-quadruplex indicates that the
complex should be largely unfolded at the physiological
temperature. The higher Tm for the G-quadruplex induced
by Pb(NO3)2 than those of NaNO3 or KNO3 is consist-
ent with the higher binding afﬁnity of the Pb
2+ ions.
In addition, the Tm remains constant over a 10-fold
increase in strand concentration, indicating that the
G-quadruplex is formed intramolecularly. UV-melting ex-
periments have been previously reported (29,39,40), but
the Tm values were different because different metal con-
centrations were used
Stopped-ﬂow kinetic studies
Spectrophotometric changes of Pb
2+-induced folding of
PS2.M. To our knowledge, there are few kinetic studies
on the formation pathways of G-quadruplexes (41).
Considering that the time scale of the folding of
G-quadruplex is very short, we used stopped-ﬂow
mixing technique to acquire the spectrophotometric
changes that accompany the Pb
2+-driven G-quadruplex
formation. Figure 4 shows representative 3D plots of the
wavelength and time dependence of the UV difference
spectra A  ¼ A 
U   A 
F for the folding process of
 2.5mM of the oligonucleotide induced by 10mMo f
Pb(NO3)2. Spectra were obtained by rapid mixing at
0.1s intervals and the folding process was completed
within 5s. The growth of a negative peak at around
303nm indicates the formation of the Pb
2+-induced
G-quadruplex. Analysis of the repetitive scanning
spectra shows an initial rapid step with slight absorbance
change at 0.03s after mixing, this is followed by slower
steps with larger absorbance changes.
Time-tracing curves of the Pb
2+-induced formation of
G-quadruplex. The time-tracing curves of the folding
process were obtained by monitoring absorbance
changes at 303nm, the maximum signal of the spectrum
of the Pb
2+-induced G-quadruplex. In the presence of at
least 10-fold excess of Pb(NO3)2, curve ﬁtting analysis
shows that three sequential ﬁrst-order processes
(modeling the U!I1!I2!F reaction pathway) are
required to adequately reproduce the data sets for the
folding of PS2.M (Figure 5). Fitting to single and
Figure 2. Spectrophotometric titration of PS2.M (2.5mM) with of
Pb(NO3)2.( a) Spectral changes in the titration process. The ﬁnal
cation concentrations after mixing are shown at the right of the
panel; (b) Plot of absorbance change at 303nm versus the mole ratio
of Pb(NO3)2 to PS2.M. The temperature was maintained at 25 C.
Figure 3. Denaturation proﬁles for the G-quadruplex of PS2.M
(2.5mM) induced by various cations in buffer solution (10mM MES/
Tris, pH 6.1). The UV-melting curves were measured at 303nm for
Pb(NO3)2 (0.5mM) and at 295nm for NaNO3 or KNO3 (50mM).
4232 Nucleic Acids Research, 2012,Vol.40, No. 9double exponential rate expressions result in large system-
atic deviations between the ﬁtted and experimental
progress curves. Kinetic and static difference spectra are
in reasonable agreement, indicating that the kinetics
account for the expected absorbance change. The
residual plot shows that the three exponential function
ﬁts the experimental curve very well. A set of ﬁve curves
were analyzed, and the optimal relaxation times are
0.029±0.0005, 0.19±0.003, 1.25±0.03s. Previous
studies showed that the binding of a monovalent cation
to G-quadruplex occurs on a millisecond time scale
(42,43), hence in this case the ﬁrst step can be interpreted
as a cation binding step, which may be accompanied by
partial folding of the oligonucleotide. The second step is
proposed to be the folding of the PS2.M chain to give a
metastable G-quadruplex, which then rearranges in the
third step to give the ﬁnal folded structure of the
G-quadruplex. These relaxation times are much shorter
than those of the G-quadruplexes induced by monovalent
cations (34,44), which may be partly due to the higher
charge of the Pb
2+ ions. As expected, the folding rates
are independent of the concentration of Pb(NO3)2, sug-
gesting rate-saturation kinetics, which is in accordance
with the high stability of the Pb
2+-induced G-quadruplex
(45). Recently, a simulation study (46) on the binding of
cations to G-rich DNA showed that it is a complex
multiple pathway process, which is strongly affected by
the type of the cations. In the present case, the proposed
mechanism requires at least two intermediates for the
Pb
2+-induced folding of a G-quadruplex of PS2.M, as
shown in Equation 2 below:
ðPS2:MÞU+nPb
2+ÐðI1   Pb
2+Þ!I2!ðPS2:M   Pb
2+ÞF
ð2Þ
where (PS2.M)U and (PS2.M–Pb
2+)F indicate the unfolded
and folded structures of PS2.M, respectively. I1 and I2
refer to the two intermediates.
Kinetic analysis of Pb
2+ induced conformational switch
of Na
+ and K
+-PS2.M complexes. Na
+ and K
+ ions are
the major intracellular metal cations, which are also able
to induce folding of G-quadruplex. We ﬁnd that Pb
2+ ions
can not only assemble G-rich DNA segments into a
G-quadruplex, but also ‘switch’ quadruplex structures by
readily displacing K
+or Na
+ions from the quadruplexes.
To determine whether the effect of Pb
2+ ions on the
structural rearrangement is synergetic or competitive,
we investigated the conformational switches in the
G-quadruplexes of PS2.M induced by Na
+ or K
+ ions in
the presence of Pb
2+ ions. Figure 6 shows the progress
curves for the Na
+!Pb
2+ and K
+!Pb
2+ exchanges
measured using UV stopped-ﬂow spectrophotometry at
303nm. A slight increase in A was observed after the
addition of Pb(NO3)2, and the distinctly different spectra
reveal that Pb
2+ ions ‘switch’ further structural transitions
of the Na
+-o rK
+-induced G-quadruplex.
In the case of Na
+ions, A increases from 0.05 to 0.09
for the Na
+/Pb
2+ exchange, which may be attributed to
the tighter G-quadruplex structure. The time-tracing
curves were ﬁtted to a three-exponential function, and
the relaxation times are  1=0.0037±0.0001s,
 2=0.15±0.001s and  3=2.1±0.01s after adding
Pb(NO3)2 to the Na
+-induced G-quadruplex. Previous
studies showed that the monovalent cation binding to
the G-quadruplex was very fast (the relaxation time was
in the order of milliseconds) (34,35), so  1 is assigned to
the binding time of Pb
2+ ions to the G-quadruplex.  2 and
 3 are attributed to the displacement of Na
+ ions and re-
arrangement of the G-quadruplex, respectively, which is
consistent with simulation results (46,47). Notably  1 for
Na
+!Pb
2+ switch is much shorter than that for folding of
PS2.M by Pb
2+, which may be attributed to less conform-
ational change in the former process. It also suggest that
Figure 5. Representative absorbance (303nm)/time trace of the folding
of PS2.M (2.5mM) induced by Pb(NO3)2 (0.2mM). All measurements
were performed in a buffer containing 10mM MES/Tris (pH 6.1) at
25 C. The red line shows the non-linear least-squares ﬁt of the data set
to three exponentials. The optimized relaxation times are  1=0.029±
0.0005s,  2=0.19±0.003s and  3=1.25±0.03s. The residual plot
indicates the deviation of the experimental and ﬁtted absorbance
changes.
Figure 4. Representative 3D plots of the wavelength and time depend-
ence of spectrophotometric changes accompanying the Pb
2+-induced
folding of PS2.M. Pb(NO3)2 (20mM) was mixed with PS2.M (5.0mM)
in buffer solution (10mM MES/Tris, pH 6.1). The temperature was
kept at 25 C.
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+ and Pb
2+ ions may occupy different sites in the
G-quadruplex, so there is little competition/repulsion
between the ions during the binding process.
In the case of K
+!Pb
2+ exchange, the time-tracing
curves were ﬁtted in the same manner and the relaxation
times are  1=0.23±0.007s,  2=1.9±0.03s and
 3=17±0.2s after adding Pb
2+ ions to the G-
quadruplex induced by K
+ ions. Notably  1 for K
+ is
much larger than that for Na
+ ions, which may be due
to K
+ and Pb
2+ occupying the same binding sites, hence
there is electrostatic repulsion between Pb
2+ and K
+ ions
during the binding process. The second and third steps are
probably due to the displacement of K
+ ions and further
arrangement of the oligonucleotide to give the ﬁnal Pb
2+-
stabilized G-quadruplexes. In comparison with K
+,P b
2+
can form a more stable G-quadruplex structure, which is
probably the reason that Pb
2+ can induce K
+-stabilized
G-quadruplex to undergo a conformational change.
Mechanismofthestructuraltransition. Basedonthekinetic
and equilibrium studies, a mechanism for the formation
and conformational switch of the G-quadruplex of PS2.M
is proposed as shown in Figure 7. In this mechanism, two
Pb
2+ ions are required to fully assemble PS2.M with the
Pb
2+ ions coordinating between the adjacent G-quartets.
Although Deng et al. (48) revealed that Sr
2+ ions bond
to a short RNA quadruplex in every other G-quartet
region. Considering the structural difference of the two
G-quadruplexes and the different properties between
Pb
2+ and Sr
2+ ions, we think the proposed structure is
the most reasonable one based on our results and data
from the literature. Presumably the strong bonding
between the Pb
2+ ions and the guanine ligands helps to
delocalize the positive charge and stabilize the structure.
In the presence of Na
+, PS2.M folds into a metastable
G-quadruplex with Na
+ ions in the plane of each
G-quartet, making it easier for Pb
2+ ions to fold
Figure 6. Time-tracing curves of conformational changes by measuring absorbance change at 303nm for (a)N a
+/Pb
2+ and (b)K
+/Pb
2+ exchanges.
PS2.M (5mM) was annealed in the buffer (10mM/Tris, pH 6.1) containing 50mM of Na
+ or K
+ and then mixed with Pb(NO3)2 (50mM) at 25 C.
Each proﬁle was ﬁtted to a three-exponential function. For the Na
+/Pb
2+ exchange, the optimized relaxation times are  1=0.0037±0.0001s,
 2=0.15±0.001s and  3=2.1±0.01s. For the K
+/Pb
2+ exchange, the optimized relaxation times are  1=0.23±0.007s,  2=1.88±0.03s and
 3=17.6±0.2s. The residual plots indicate the deviation of the experimental and ﬁtted absorbance changes.
Figure 7. Proposed mechanism of the structural transition in a G-quadruplex of PS2.M induced by Pb
2+ ions. Guanine bases are shown as
rectangles.
4234 Nucleic Acids Research, 2012,Vol.40, No. 9a compact G-quadruplex. On the other hand, in the
presence of K
+ions, PS2.M is transformed into a relative-
ly stable G-quadruplex with the same binding site as the
Pb
2+ ions, making it more difﬁcult to exchange for Pb
2+
ions. In short, the initially added Na
+ ions have a syner-
getic effect with Pb
2+ ions on the structural transition of
the PS2.M chain, whereas the K
+ions have a competitive
effect on this transition. This result is quite consistent with
those of the previous studies (45).
CONCLUSIONS
In the present study, we have reported the kinetics and
mechanisms of the formation and structural transitions
in a G-quadruplex of PS2.M. We used CD and UV spec-
troscopy to observe the characteristic spectra of the
G-quadruplex of PS2.M in the presence of various
cations. The equilibrium titrations demonstrate that, at
micromolar concentrations, the Pb
2+ binding stoichiom-
etry is two, with the Pb
2+ ions probably coordinating
between the adjacent G-quartets. The thermal denatur-
ation experiments show that the Tm of the Pb
2+–PS2.M
complex is markedly higher than those of the Na
+-o rK
+-
induced ones, which is consistent with the high stability of
the Pb
2+-induced G-quadruplex. Kinetic studies show that
the Pb
2+-induced folding of PS2.M into a G-quadruplex
probably proceeds through a three-step pathway with two
intermediates. Pb
2+ ions also cause structural transition of
the G-quadruplex of PS2.M induced by Na
+ or K
+ ions,
which may be ascribed to the exchange of Pb
2+ with Na
+
or K
+ ions and the generation of a more compact struc-
ture. We believe that this facile structural transition in
G-quadruplex would be very useful for the design of mo-
lecular switch or other functional materials.
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